To locate the transmissible gastroenteritis coronavirus (TGEV) packaging signal, the incorporation of TGEV subgenomic mRNAs (sgmRNAs) into virions was first addressed. TGEV virions were purified by three different techniques, including an immunopurification using an M protein-specific monoclonal antibody. Detection of sgmRNAs in virions by specific reverse transcription-PCRs (RT-PCRs) was related to the purity of virus preparations. Interestingly, virus mRNAs were detected in partially purified virus but not in virus immunopurified using stringent conditions. Analyses by quantitative RT-PCR confirmed that virus mRNAs were not present in highly purified preparations. Lack of sgmRNA encapsidation was probably due to the absence of a packaging signal (⌿) within these mRNAs. This information plus that from the encapsidation of a collection of TGEV-derived minigenomes suggested that ⌿ is located at the 5 end of the genome. To confirm that this was the case, a set of minigenomes was expressed that included an expression cassette for an mRNA including the ␤-glucuronidase gene ( Transmissible gastroenteritis coronavirus (TGEV) is a member of Coronaviridae, a family of positive-strand RNA viruses that infect birds and mammals and cause a variety of diseases, most frequently of the enteric and respiratory tract (15, 37). TGEV is an enveloped virus containing an internal core made of a positive-sense RNA genome of 28.5 kb, the nucleoprotein (N), and the carboxy terminus of the membrane (M) protein (16, 17, 54) .
Transmissible gastroenteritis coronavirus (TGEV) is a member of Coronaviridae, a family of positive-strand RNA viruses that infect birds and mammals and cause a variety of diseases, most frequently of the enteric and respiratory tract (15, 37) . TGEV is an enveloped virus containing an internal core made of a positive-sense RNA genome of 28.5 kb, the nucleoprotein (N), and the carboxy terminus of the membrane (M) protein (16, 17, 54) .
The genome and a nested set of subgenomic mRNAs are produced in the cytoplasm of TGEV-infected cells. A leader sequence at the 5Ј end and open reading frame (ORF) 7 followed by the 3Ј untranslated region (UTR) are present in all these mRNAs (Fig. 1A) (4, 28, 62) . The incorporation of the viral RNA genome is a specific process based on the recognition of a set of sequences containing the packaging signal (⌿) that directs the encapsidation of the genome RNA into virions (21, 29, 44, 45) . Accordingly, a packaging signal has been characterized in the mouse hepatitis coronavirus (MHV) genome located within ORF 1b around 20 kb from the genome 5Ј end in a sequence domain not present in the virus mRNAs (19, 47, 71) . MHV ⌿ has been narrowed down to a 190-nt RNA sequence of which a predicted 69-nt stem loop seems to be sufficient for RNA incorporation into virions (19) . The homologous packaging signal in the bovine coronavirus (BCoV) genome has also been identified in a similar position (11) . Studies of defective interfering (DI) RNA rescue (including the amplification and encapsidation of these minigenomes) have been carried out with coronaviruses of groups 1 and 3, TGEV, and the infectious bronchitis virus (IBV) (12, 27) . However, the location and nature of the packaging signal in these viruses have not been precisely defined.
Encapsidation of coronavirus mRNAs in amounts 5-to 200-fold lower than those of the genome RNA has been reported for TGEV (63, 64) , BCoV (25) , and IBV (76) . However, when mRNAs were detected in purified MHV virions, this detection was associated with contamination (6) . Overall, these data indicate that the encapsidation of virus mRNAs in coronaviruses requires further studies.
In this study, we showed that TGEV mRNAs were absent from highly purified virions, most probably because these mRNAs do not contain an efficient ⌿. Interestingly, a TGEV RNA ⌿ has been identified at the 5Ј end of the TGEV genome in a sequence domain not present in the virus mRNAs. Furthermore, it has been shown that the presence of the first 649 nucleotides (nt) from the 5Ј end of the TGEV genome (in addition to sequences from the 3Ј end) was sufficient for minigenome RNA amplification and encapsidation. (41) were grown in Dulbecco modified Eagle's medium supplemented with fetal calf serum. The TGEV PUR46-MAD strain was grown and titrated in ST cells as described previously (30) .
MATERIALS AND METHODS

Cells and viruses. Swine testicle (ST) cells
Antibodies. The murine monoclonal antibodies (MAbs) 3D.C10 and 25.22 (specific for the N and M proteins, respectively) have been described previously (9, 16, 17, 22, 30, 36, 58, 61) .
Virus purification. TGEV virions were purified by three techniques: (i) partial purification by concentration through a 15% sucrose cushion, (ii) purification in continuous sucrose gradients, and (iii) immunopurification using the M proteinspecific MAb 25.22 (9, 16) . For partial purification, virions from supernatants of TGEV-infected ST cells were sedimented through a 15% sucrose cushion in TEN buffer (10 mM Tris-HCl [pH 7.4], 1 mM EDTA, 1 M NaCl) by ultracentrifugation at 27,000 rpm for 50 min at 4°C in a SW60Ti Beckman rotor and were recovered in TNE buffer (10 mM Tris-HCl [pH 7.4], 1 mM EDTA, 0.1 M NaCl) to a final concentration of 1 g/l. In the second method, sedimented virions were further purified by ultracentrifugation through a linear sucrose gradient (30 to 42%) in TEN buffer as reported previously (30) and recovered in TNE to a final concentration of 1 g/l. TGEV immunopurification relied on the specific capture of sedimented virions with MAb 25.22 bound to enzyme-linked immunosorbent assay plates (Nunc) and subsequent washing in phosphate-buffered saline containing 0.1% bovine serum albumin as described previously (16) . Sedimented virions were used instead of sucrose gradient-purified virions in immunopurifications to recover defective particles with lower densities than wild-type virions. When indicated, Tween 20 was added to washing buffer to achieve final concentrations of 0.05 or 0.5%. Virus purifications were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining in the case of the first two procedures and by fluorography using [ 35 S]methionine-cysteine-labeled TGEV in the case of the immunopurifications, as described previously (16) .
Cloning of minigenome M33-derived sequences in minigenome M39-GUS. M33 was the smallest efficiently encapsidated and replicated minigenome in TGEV-infected ST cells (27) . The M33 5Ј sequence is made from the first 2,144 nt of the genome (A region) and 568 nt from the overlapping sequence between ORFs 1a and 1b (nt 12195 to 12763) (B region). The A region was divided into four 550-nt fragments overlapping by 50 nt: A1, A2, A3, and A4. A-and Bderived sequences were amplified by PCR using primers that introduced SalI restriction sequences at both the 5Ј and 3Ј ends (Table 1) . PCR products were digested with SalI and cloned into pCMV-M39-GUS plasmid (3) restricted with SalI. The M33-derived fragments (A1, A2, A3, A4, and B) were inserted upstream of the GUS gene under the control of the M39-GUS transcriptionregulating sequence, generating minigenomes M39-GUS-A1, -A2, -A3, -A4, and -B under the control of the cytomegalovirus (CMV) promoter as described previously (3) . The structures of all constructs were confirmed by sequencing.
Cloning of mRNAs containing M33-derived sequences under the control of the CMV promoter. To clone the mRNA-GUS cDNA in an expression plasmid under the control of the CMV promoter, cytoplasmic RNA was purified from ST cells infected with TGEV stocks containing minigenome M39-GUS. The mRNA-GUS 5Ј fragment was amplified by reverse transcription-PCR (RT-PCR) using primers GUS 297 (Table 2) and CMV-5ЈTGEV (virus sense primer; 5Ј-GCTC GTTTGTGAACCGTACTTTTAAAGTAAAGTGAGTG-3Ј). This RT-PCR product included part of the CMV promoter fused to the mRNA-GUS 5Ј end. Another PCR fragment was produced which contained most of the CMV promoter and 5Ј end of the TGEV genome. In this PCR, the plasmid pCMV- M33NGUS (27) was used as a template with primers CMV-5ЈTGEV RS (reverse-sense primer; 5Ј-CTTTAAAAGTACGGTTCACTAAACGAGCTCT GCTT ATATAGACC-3Ј) and ApaI-CMV (virus sense primer; 5Ј-TATATAG GGCCCTTGACATTGATTATTGACTAG-3Ј). Using primers ApaI-CMV and GUS 297, the two PCR fragments were fused by overlap extension PCR. The resulting PCR product was restricted with NdeI and SalI and cloned into the pCMV-M39-GUS plasmid restricted with NdeI and SalI, generating the plasmid pCMV-mRNA-GUS.
To clone the mRNAs derived from minigenomes M39-GUS-A1, -A2, -A3, -A4, and -B under the control of the CMV promoter, the A-and B-derived sequences were amplified and restricted with SalI as described above and cloned in the plasmid pCMV-mRNA-GUS restricted with SalI.
Rescue of minigenomes and mRNAs in TGEV-infected ST cells. Briefly, all constructs were transcribed from the CMV promoter in ST cells transfecting 5 g of the engineered plasmids with 15 l of Lipofectin as described by the manufacturer (GIBCO). Transfected cells were incubated overnight at 37°C and infected with TGEV at a multiplicity of infection (MOI) of 5. Supernatants were recovered at 24 h postinfection, and virions were passaged to confluent ST cells from two to four times as described previously (3) .
RNA isolation and RT-PCR analysis. Nontransfected or transfected ST cells (on 60-mm-diameter culture plates) were infected with TGEV at a MOI of 5. Cellular RNA was extracted at 20 h postinfection by using ULTRASPEC RNA extraction reagent and purified as described by the manufacturer (Biotecx). When RNA was extracted from transfected cells, contaminating plasmid DNA was digested with 0.3 U of DNase I (Roche)/l by incubation for 1 h at 37°C. Then, RNA was repurified by the same procedure as described above to remove active DNase I. Absence of plasmid DNA was confirmed by standard and quantitative PCR before performing RT reactions. RT reactions were carried out using from 50 to 100 ng of RNA as described previously (23) .
Using ULTRASPEC reagent as described by the manufacturer, RNA was extracted from 5 g of virus purified in sucrose gradients or from 50 ng of immunopurified virus. Total Saccharomyces cerevisiae RNA (40 g) or glycogen (Sigma) was added as a carrier during RNA precipitation. For detection of the genome, virus mRNAs, ␤-actin mRNA, M39-GUS-derived minigenomes, and mRNAs derived from minigenomes, RT-PCRs were performed using specific primers ( Table 2) .
DNA fragments from RT-PCRs were separated in 1% agarose gels in TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) containing 0.1% ethidium bromide and detected by UV light exposure. When indicated, RT-PCR products were purified using a High Pure PCR product purification kit (Qiagen). All purified DNA bands were sequenced.
Calculation of encapsidation efficiencies by quantitative RT-PCR.
Confluent ST cells grown in 10 90-mm-diameter culture dishes were infected when indicated at a MOI of 10 with virus stocks containing mRNA-A1-GUS defective particles (passage 3). Cytoplasmic and purified virus RNAs were extracted at 12 h postinfection as described above. All PCRs were performed in PCR master mix buffer (Applied Biosystems), following the manufacturer's instructions. Real-time detection of amplicons was carried out using an ABI PRISM 7000 PCR detection system, and data processing was performed with an ABI PRISM 7000 SDS program. For quantitation of genome RNA, mRNAs for N and E proteins, and ␤-actin mRNA, primers for RT-PCRs specifically hybridizing within each of these RNAs (Table 3) were chosen attending to the following criteria: (i) melting temperature higher than 60°C, (ii) amplicon size of about 100 nt, and (iii) synthesizing of a single RT-PCR product. Concentration standards were generated by 10-fold dilutions of quantified amplicons (0.01, 0.001, and 0.0001 ng/l). cDNA copies from RT reactions were estimated for infected cells and for virions immunopurified by using standard concentration lines with correlation coefficients (R 2 ) higher than 0.99. Each sample was quantified in triplicate.
Relative mRNA-to-genome encapsidation efficiencies were calculated as the mRNA/genome molar ratio in purified virions in relation to the ratio in infected ST cells. Five independent experiments were analyzed, and encapsidation efficiencies for the TGEV genome and all mRNAs were compared using a Wilcoxon nonparametric t test (43) .
RESULTS
Detection of TGEV mRNAs in infected ST cells and in purified virions.
To determine whether TGEV mRNAs are specifically encapsidated, an RNA detection system based on RT-PCR was set up in TGEV-infected ST cells. Each virus mRNA was detected by RT-PCR using a leader-specific positive-sense primer (leader primer; Table 2 ) and reverse-sense primers specific for virus genes to amplify in each reaction a single member of the nested set of mRNAs. The presence of virus mRNAs was evaluated by RT-PCR at 20 h postinfection (Fig.  1A) . DNA amplicons were separated in agarose gels containing 0.1% ethidium bromide, excised from gels, and sequenced. Bands with the expected size were detected in TGEV-infected cells (Fig. 1B) , and their sequences corresponded to those of the viral mRNAs (data not shown).
To determine whether viral mRNAs were encapsidated, TGEV virions were purified by three techniques: (i) partial purification by concentration through a 15% sucrose cushion, (ii) ultracentrifugation in continuous sucrose gradients, and (iii) immunopurification using the M protein-specific MAb 25.22 (specific for the amino terminus of the M protein). Purified viruses were analyzed by SDS-PAGE and silver staining in the case of partially and sucrose gradient-purified virus and by fluorography in the case of immunopurifications using 35 Slabeled TGEV, as described previously (16) . Fluorography was used instead of silver staining in the case of immunopurifications to avoid the partial overlap of the virus structural proteins with the immunoglobulins, bovine serum albumin, and protein A used in the immunopurification. All virus preparations contained the major structural proteins S (spike), N, and M ( Fig. 2A) . Partially purified virus also contained protein contaminants of high molecular mass. In contrast, sucrose gradient-purified and immunopurified virions did not contain significant protein contaminants ( Fig. 2A) . As a control, using the N protein-specific MAb 3D.C10, immunopurification of 35 Slabeled virions was performed. As expected, when the N protein-specific MAb was used, only background levels of N and M proteins were detected, probably corresponding to very low levels of unassembled protein complexes ( Fig. 2A) . However, it cannot be concluded that immunopurified virions are totally free of protein contaminants, since only radioactively labeled proteins can be detected by fluorography. Additionally, in the conditions used for protein electrophoresis, proteins of molecular masses below 25 kDa could not be detected. Therefore, the presence of low-molecular-mass protein contaminants cannot be excluded.
The presence of virus mRNAs in these virus preparations was analyzed by RT-PCR (Fig. 2B) . Partially purified TGEV contained mRNAs S, envelope (E), and M. Virus mRNAs E and M were also detected when the partially purified virions were further purified in sucrose gradients. Only mRNA E was detected after immunopurification and moderate washing. Interestingly, when Tween 20 at two concentrations (0.05 and 0.5%) was included during washing, no virus mRNAs were detected (Fig. 2B) . These results showed that detection of TGEV mRNAs in purified virus was related to their homogeneity, strongly suggesting that virus mRNAs were not specifically encapsidated. For subsequent experiments, Tween 20 at 0.5% was included during immunopurifications.
Relative encapsidation efficiencies of viral mRNAs. To confirm that virus mRNAs were not encapsidated, the efficiency of incorporation of mRNAs N and E to virions in relation to TGEV genome encapsidation was estimated by quantitative RT-PCR. Viral mRNAs N and E were chosen since mRNA N was one of the most abundant viral mRNAs in infected cells, while mRNA E remained after extensive virus washing (Fig.  2B) , although there was a random variability from experiment to experiment regarding the contaminant virus mRNAs that remained after immunopurification. However, both mRNAs N and E were the contaminants detected most frequently on a regular basis. As a nonviral mRNA control, encapsidation efficiency for cellular ␤-actin mRNA was also estimated. When sucrose gradient-purified TGEV was used, the apparent encapsidation efficiencies of mRNAs N and E (in relation to genome encapsidation) were variable and high, at up to fivefold higher in the case of mRNA E (Table 4 ). In contrast, cellular ␤-actin mRNA levels (unrelated to TGEV mRNAs) were low in purified virions. These results suggested that either virus mRNAs were encapsidated or there were abundant contaminating mRNAs, as observed in previous experiments (Fig.  2B) . Nevertheless, when immunopurified virions were used, encapsidation efficiencies for virus mRNAs significantly (P Ͻ 0.05) dropped to very low levels (comparable to that of ␤-actin mRNA) of about 100-to 1,000-fold lower than genome encapsidation efficiencies, as determined by the nonparametric t test of Wilcoxon (Table 4) . These results confirmed that virus mRNAs were not specifically encapsidated. The lower proportion of ␤-actin mRNA compared to virus mRNAs in sucrose gradient-purified viruses could have been due to the lesser presence of this mRNA in the cell compartment in which the virus was assembled.
Location of the TGEV genome region containing ⌿. TGEV mRNAs were not incorporated into virions, probably because they lacked a packaging signal. To confirm whether this was the case, encapsidation of minigenome M39-GUS and of mRNA-GUS transcribed from an expression cassette inserted within this minigenome (Fig. 3A) was studied. Both M39-GUS and mRNA-GUS were detected at comparable levels by specific RT-PCRs in infected cells (Fig. 3B) . In contrast, only M39-GUS was detected in immunopurified virions (Fig. 3B) . Since both M39-GUS and mRNA-GUS contained the leader sequence and the same 3Ј end (Fig. 3A) , TGEV ⌿ was probably located within the 5Ј sequence of minigenome M39-GUS.
To locate the TGEV genome region that contained the packaging signal, sequences potentially containing ⌿ were selected from the 5Ј sequence of the M33 minigenome also included in minigenome M39 (Fig. 4A) , since M33 was the smallest minigenome efficiently rescued in a previous study (27) . The 5Ј sequence of M33 is derived from two discontinuous regions from the TGEV genome: one (A region) of 2,144 nt and another (B region) of 568 nt from positions 12195 to 12763 of the TGEV genome (27, 54) (Fig. 4A) . The A region was divided into four fragments of 550 nt, overlapping each (Fig. 4A) . At the 3Ј end of minigenome M39, an expression cassette was inserted consisting of a TRS, each of the selected fragments potentially containing ⌿, and the GUS gene (Fig. 4B) . Therefore, cells infected with a helper TGEV and transfected with a plasmid encoding this minigenome would produce mRNAs containing each of the inserted sequences plus GUS RNA, in addition to the standard helper virus RNAs. In principle, only the mRNA containing the ⌿ would be encapsidated. Plasmids encoding these minigenomes were transfected to ST cells, and minigenomes were synthesized from the CMV promoter as described previously (27) . Minigenomes were amplified through two passages in conflu- b ns, no significant differences (P Ͼ 0.05) in mRNA encapsidation efficiencies determined from virus purified by the two methods. ent ST cell cultures (Fig. 4B) . The presence of minigenome and mRNAs in infected cells and in immunopurified virions was investigated by RT-PCR as described above (Fig. 3A) . Minigenomes and mRNAs were detected in cells in comparable amounts independently of the inserted region (Fig. 4C) . In contrast, only the mRNA containing the A1 region (mRNA-A1-GUS) was detected in immunopurified virions (Fig. 4C) .
These results indicated that a packaging signal was present within the first 649nt of the TGEV genome and that its insertion into mRNA-GUS (Fig. 3) led to the specific encapsidation of this mRNA (Fig. 4C) . Interestingly, it was observed that mRNA-A1-GUS encapsidation apparently interfered with TGEV genome incorporation into virions, since the amount of genomic RNA was reduced when the mRNA included the A1 sequence but not when the mRNAs lacked this region (Fig.  4C) .
Replication of mRNA-A1-GUS. During M39-GUS-A1 rescue it was observed that this minigenome tended to disappear throughout cell passage (Fig. 5A) . In contrast, mRNA-A1-GUS, launched by M39-GUS-A1 by transcription at passage 0, increased throughout virus passage, suggesting that mRNA-A1-GUS rescue was independent of the presence of M39-GUS-A1 (Fig. 5A) . The increase of mRNA-A1-GUS levels in successive passages suggested that this mRNA was amplified by the helper virus, and the mRNA-A1-GUS from passage 0 to 3 was sequenced (Fig. 5B) . From passage 0 to 2 its sequence was identical to that expected for the mRNA transcribed from minigenome M39-A1-GUS, containing two SalI restriction sites flanking the A1 region. In contrast, at passage 3 the SalI restriction site between the leader core sequence (CS) and the A1 region was lost (Fig. 5B) . This reversion to the wild-type sequence probably occurred by recombination between the mRNA-A1-GUS and the helper virus genome (Fig. 5C ) during the synthesis of the mRNA-A1-GUS negative or positive strand, indicating that the mRNA-A1-GUS corresponded to newly synthesized RNA and not to an mRNA transcribed from minigenome M39-GUS-A1.
To determine whether this mRNA-A1-GUS was amplified by the helper virus, all mRNAs containing M33-derived sequences were cloned under the control of the CMV promoter and ST cells were transfected with these constructs. Transfected cells were infected with TGEV, and supernatants were passaged in confluent ST cell monolayers. Intracellular RNA was extracted in each passage, and mRNAs were analyzed by RT-PCR (Fig. 6A) . Interestingly, only the mRNA-A1-GUS was detected in all passages, while the rest of the mRNAs were only detected at passage 0. This confirmed that mRNA-A1-GUS was encapsidated and also amplified; otherwise, its presence would have been drastically reduced at passage 4 by dilution. The mRNA-A1-GUS from passages 1 to 4 was sequenced. From passage 0 to 2 its sequence was identical to that of the transfected construct, containing the two SalI restriction sites flanking the A1 region. Interestingly, from passage 3 to 4, the SalI restriction site between the leader CS and the A1 region was also lost, as already observed for the mRNA-A1-GUS launched from minigenome M39-GUS-A1 (Fig. 5B and  C) . This reversion to the wild-type sequence probably occurred by recombination between the mRNA-A1-GUS and the helper virus genome (Fig. 5C) , indicating that the mRNA-A1-GUS corresponded to newly synthesized RNA. In fact, at passage 5 (C) Scheme of the potential recombination event between the mRNA-A1-GUS and TGEV genome that could have been produced anywhere in the A1 region during the synthesis of either the mRNA-A1-GUS positive strand or its complementary strand, leading to an mRNA with the 5Ј end sequence identical to that of the genomic RNA. The SalI restriction site between the leader and the A1 region is shown in the mRNA-A1-GUS. CS, transcription-regulating core sequence located at the 3Ј end of the leader. The viral replicase complex is represented as an ellipse, and the progress of RNA synthesis is indicated with arrows. ϩ, Positive-stranded RNA; Ϫ, nascent negative-stranded RNA.
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TGEV RNA ENCAPSIDATION 7897 the amounts of TGEV genome and mRNA-A1-GUS were undetectable during the first hour after infection and had clearly increased at 3 h postinfection (Fig. 6B) . In contrast, ␤-actin mRNA levels were high from the beginning and were kept constant (Fig. 6B) . These results confirmed that mRNA-A1-GUS most probably contained a packaging signal and that it was also amplified by the helper virus. Estimation of mRNA-A1-GUS encapsidation efficiency by quantitative RT-PCR. The relative mRNA-A1-GUS and TGEV genome encapsidation efficiencies were estimated in immunopurified virions by quantitative RT-PCR using specific primers (Table 3 ). All calculations were performed with molar ratios as described in Materials and Methods. The mRNA-A1-GUS encapsidation efficiency was 33-Ϯ 2.6-fold (mean Ϯ standard deviation; n ϭ 5, coefficient of variation ϭ 8%) higher than that of TGEV genome encapsidation and about 200-fold higher than that of virus mRNA N (0.16 Ϯ 0.04, mean Ϯ standard deviation; n ϭ 5, coefficient of variation ϭ 25%). These differences were statistically significant (P Ͻ 0.05) by the Wilcoxon t test. These results indicated that mRNA-A1-GUS was specifically and efficiently encapsidated and most probably contained the TGEV major packaging signal.
DISCUSSION
In this study, the TGEV packaging signal was located within the first 649 nt of the genome in a sequence domain absent from all TGEV mRNAs. In fact, detection of virus mRNAs in virions depended on the purity of virus preparations and viral mRNAs were not detected in highly immunopurified viruses, indicating that viral mRNAs were not specifically encapsi- The findings obtained in this work supported those reported for MHV, for which mRNAs were detected in purified virus only when the ⌿ was inserted into these RNAs (6) , and also those of publications that concluded that the presence of mRNAs in virus preparations was associated with contamination (48, 49) .
The engineering of infectious coronavirus cDNAs has shown that the full-length genome is sufficient to generate infectious coronaviruses either from cDNA or from in vitro-transcribed RNA molecules (2, 7, 70, 73, 74) . However, although encapsidation of RNA genomes is a specific process required for virus propagation, incorporation into virions of tRNAs, rRNAs, mRNAs, and subgenomic RNAs has been reported for several viruses (1, 25, 38, 46, 55, 59, 60, 63, 76) . Encapsidation of mRNAs has also been described for coronaviruses (25, 63, 76) .
We have shown that the presence of viral mRNAs within the viral particles is a function of the degree of purity of the virions. Therefore, since it would be very difficult to have virions absolutely free of contaminant, we would expect the presence of minimal mRNA quantities within the viral particles to be detected. In fact, this occurred when highly sensitive techniques such as quantitative real time RT-PCR were used. Therefore, the conclusion that a given virus preparation is free of mRNA is a relative statement. However, it was found that while minigenomes are specifically encapsidated, both the viral and the cellular mRNAs were nonspecifically associated to the viral particle, since their presence in the virus preparations significantly decreased with the homogeneity of the preparation, in contrast to the presence of the viral genome or of ⌿-containing minigenomes that are encapsidated independently of the purification degree.
To locate the TGEV region that contained the ⌿, a positive approach was undertaken by introducing selected sequences from minigenome M33 into mRNA-GUS, which was not incorporated into virions. The location of TGEV ⌿ in the leader and 3Ј third of the TGEV genome was in principle discarded, since all virus mRNAs contain the leader and the 3Ј end and were not specifically encapsidated. Nevertheless, a possible collaboration of the 3Ј end with sequences located at the 5Ј end of the genome cannot be ruled out. Since the mRNA-GUS containing the first 649 nt of TGEV genome (mRNA-A1-GUS) was specifically encapsidated, it was concluded that a major TGEV ⌿ is located within the TGEV genome 5Ј end. Surprisingly, the packaging signal of MHV and BCoV was located within ORF 1b about 20 kb from the genome 5Ј end (Fig. 7) . However, although the presence of this packaging signal located in ORF 1b was convincingly demonstrated for MHV and BCoV, it has also been reported that a defective minigenome (DI-RNA Drep), consisting of the BCoV genome 5Ј-terminal 498 nt, the N ORF (1,344 nt), and the 3Ј genome end, was also efficiently rescued (8, 11) . These results suggest that another cis-acting signal involved in BCoV RNA encapsidation must be located within the BCoV genome ends. Furthermore, DI-RNA sequences from either the 5Ј or 3Ј UTRs (in group 3 coronaviruses such as IBV) were required for minigenome incorporation into viral particles (12) . The insertion of the MHV ⌿ in nonreplicating RNAs led to encapsidation of these RNAs (6, 72) . However, this encapsidation was estimated as inefficient (albeit it was never quantitatively determined), suggesting that other factors or sequences might be required for efficient encapsidation (6) . It is, therefore, possible that group 2 coronavirus encapsidation could be mediated by two different RNA motifs, one located at the 5Ј end of the genome and another at the end of ORF 1b. It would be interesting to quantify the extent of RNA encapsidation observed for MHV and BCoV mRNAs and DI-RNAs to determine which RNA motif represents the major packaging signal between the two potential encapsidation domains.
When mRNA-A1-GUS was launched by transcription from the CMV promoter in the absence of a minigenome encoding this mRNA, it was rescued in TGEV-infected ST cells. These results implied that mRNA-A1-GUS was replicated by the TGEV helper virus, showing that the first 649 nt from the TGEV genome were sufficient for RNA replication and encapsidation. The requirement of the first 649 nt from the TGEV genome for minigenome replication is similar to that of the cis-acting RNA minimal replication sequences for MHV, BCoV, and IBV replication (12, 31, 40, 57) . Since the region containing the TGEV ⌿ has been located within the same sequence domain required for replication (27) , it cannot be excluded at this time that RNA encapsidation in TGEV could be coupled to genome replication, as in the case of poliovirus (51) and flavivirus (32, 33) . Additional work is being performed to determine whether TGEV RNA replication and encapsidation activities can be mapped within different sequence domains.
The encapsidation efficiency of mRNA-A1-GUS was around 30-fold higher than that of genome encapsidation, as determined by quantitative RT-PCR. The higher encapsidation efficiency of this mRNA could be due to its size, in that it is considerably smaller than the full-length genome. If both the full-length genome and the mRNA containing the A1 region are recognized by the same ⌿, mRNA-A1-GUS encapsidation might interfere with full-length genome encapsidation, ex- Genome encapsidation in RNA viruses is a specific process that involves cis-and trans-acting factors. A packaging signal is usually required as a cis-acting signal that confers specificity for genome incorporation into virions. These signals have been identified in several RNA and DNA viruses (5, 13, 14, 18, 20, 24, 34, 42, 53, 56, 65, 75) . Interestingly, independently of the virus species, most packaging signals have been located within genome ends (Table 5 ). In addition, trans-acting factors are also required for genome encapsidation, including binding of virus structural proteins and even host proteins to nucleocapsids. As an example, human immunodeficiency virus type 1 (HIV-1) genome encapsidation is mediated by interactions in cis and in trans of the nucleocapsid domain of Gag protein. In HIV-2 the packaging signal is located in the genome and also in mRNAs, but only genome RNA is encapsidated because encapsidation in HIV-2 is coupled to translation of the Gag protein (24) . Furthermore, in hepatitis B virus, host cellular proteins binding to the ⌿ modulate genome replication (67) .
trans-acting factors could also be implicated in coronavirus encapsidation. The coronavirus genome is packed by the N protein, forming the nucleocapsid (10, 17, 50, 69) . It has been shown that two-thirds of TGEV virion M protein specifically binds to the nucleocapsid by a 16-amino-acid peptide located within the carboxy terminus, leading to stabilization of the internal core (17) . M protein-nucleocapsid binding has also been characterized in MHV-infected cells and could be responsible for nucleocapsid incorporation into budding virions (48, 49) . Recently, genetic evidence revealed that MHV M protein binds to N protein, although a direct protein-protein interaction has not been shown (35) . Whether coronavirus RNA encapsidation is mediated by interactions between M and N proteins or directly between the M protein and the ⌿ is currently a subject of investigation. In addition, it has been demonstrated that host proteins specifically bind to the coronavirus genome (26, 39, 66, 68) and it is, therefore, also possible that host factors are also involved in coronavirus genome encapsidation.
In summary, a packaging signal has been located in the first 649 nt of TGEV genome in a domain absent from TGEV mRNAs. Identification and characterization of TGEV ⌿ would allow the improvement in biosafety of a new generation of virus vectors based on the TGEV genome (52) . 
